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Anna C. Kydd, MD,* David P. Dutka, MD*
Cambridge and Papworth Everard, United KingdomOBJECTIVES The purpose of this study was to determine the clinical utility of left atrial (LA) func-
tional indexes in patients with mitral valve prolapse (MVP) and mitral regurgitation (MR).
BACKGROUND Timing of surgery for MVP remains challenging. We hypothesized that assessment
of LA function may provide diagnostic utility in these patients.
METHODS We studied 192 consecutive patients in sinus rhythm with MVP, classiﬁed into 3 groups:
moderate or less MR (MOD group, n ¼ 54); severe MR without surgical indication (SEV group, n ¼ 52);
and severe MR with $1 surgical indication (SURG group, n ¼ 86). Comparison was made with 50 control
patients. Using 2D speckle imaging, average peak contractile, conduit, and reservoir atrial strain was
recorded. Using Simpson’s method we recorded maximal left atrial volume (LAVmax) and minimal
left atrial volume (LAVmin), from which the total left atrial emptying fraction (TLAEF) was derived:
(LAVmaxLAVmin)/LAVmax  100%.
RESULTS TLAEF was similar in the MOD and control groups (61% vs. 57%; p ¼ NS), was reduced in
the SEV group (55%; p < 0.001 vs. control group), and markedly lower in the SURG group (40%; p < 0.001
vs. other groups). Reservoir strain demonstrated a similar pattern. Contractile strain was similarly reduced
in the MOD and SEV groups (MOD 15%; SEV 14%; p ¼ NS; both p < 0.05 vs. control group 20%) and
further reduced in the SURG group (8%; p < 0.001 vs. other groups). By multivariate analysis, TLAEF
(odds ratio [OR]: 0.78; p < 0.001), reservoir strain (OR: 0.91; p ¼ 0.028), and contractile strain (OR: 0.86;
p ¼ 0.021) were independent predictors of severe MR requiring surgery. Using receiver-operating char-
acteristic analysis, TLAEF <50% demonstrated 91% sensitivity and 92% speciﬁcity for predicting MVP
with surgical indication (area under the curve: 0.96; p < 0.001).
CONCLUSIONS We report the changes in left atrial function in humans with MVP and the relation-
ship of LA dysfunction to clinical indications for mitral valve surgery. We propose that the ﬁndings sup-
port the utility of quantitative assessment of atrial function by echocardiography as an additional tool to
guide the optimum timing of surgery for MVP. (J Am Coll Cardiol Img 2014;7:225–32) ª 2014 by the
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MA B B R E V I A T I O N S
A N D A C R O N YM S
AF = atrial ﬁbrillation
EF = ejection fraction
EROA = effective regurgita
oriﬁce area
LA = left atrial/left atrium
LAV = left atrial volume
LV = left ventricular
LVIDs = left ventricular int
diameter in systole
MR = mitral regurgitation
MVP = mitral valve prolap
NYHA = New York
Heart Association
PA = pulmonary artery
TLAEF = total left atrial
emptying fraction
Ring et al. J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 7 , N O . 3 , 2 0 1 4
Left Atrium in Mitral Valve Prolapse M A R C H 2 0 1 4 : 2 2 5 – 3 2
226itral valve prolapse (MVP) is the second
most common valvular lesion requiring
cardiac surgery (1). If severe mitral
regurgitation (MR) is not treated, there
is increased morbidity and a constrained prognosis
(2,3). Optimum timing of surgical intervention is of
paramount importance, but remains clinically chal-
lenging. Symptomatic deterioration is a clear indi-
cation that surgery should be undertaken (4), but
this may occur late in the natural history of theSee page 233condition and be secondary to irreversible left ven-
tricular (LV) dysfunction (5). Current guidelines
highlight the importance of LV size and function
to identify those with latent LV dysfunction whoFigure 1. Study Population
A consort of the patients included and excluded from the study.
nt
ernal
seshould be considered for surgery (6).
Additionally, the development of atrial
ﬁbrillation (AF) or the presence of
elevated pulmonary artery (PA) pressures
are associated with an adverse prognosis,
and indicate the need for detailed
assessment of the asymptomatic patient
regarding surgical referral (6–9).
The effect of MR on left atrial (LA)
behavior and function has received less
attention. The LA dilates as a conse-
quence of the regurgitant load, and an LA
volume index >60 ml/m2 predicts an
adverse cardiovascular outcome (10,11).
Characterization of atrial function using
speckle tracking technology has been
proposed to offer insights into the atrial
adaptation to chronic MR. In a hetero-
geneous group of patients with severe MR,atrial strain was impaired, which may relate to the
presence of atrial ﬁbrosis (12,13). We hypothesized
that atrial function may be closely linked to adverse
pathophysiological ﬁndings in MVP, and offer
potential as a useful additional tool to help deﬁne
the optimum timing of surgery in these patients.
METHODS
Patient population. We studied consecutive patients
with MVP and associated MR assessed within our
service between August 2009 and November 2012.
Only patients with MVP or a ﬂail leaﬂet were
included (MVP was deﬁned as displacement of the
tip of 1 or more segments of the mitral valve by $2
mm relative to the hinge points of the leaﬂets, and
ﬂail as the systolic eversion of the leaﬂet tip into the
LA). We excluded subjects who were in AF,patients with more than moderate coexistent aortic
valve disease, and those with prior mitral valve
surgery (Fig. 1). All patients underwent complete
clinical assessment including comprehensive echo-
cardiography and were included prospectively in a
clinical database. Patients were classiﬁed according
to MR severity and the presence of established in-
dications for surgical intervention according to
American guidelines (6), including symptoms, left
ventricular internal diameter in systole (LVIDs)
$40 mm, ejection fraction (EF) <60%, or PA
pressure >50 mm Hg at rest or 60 mm Hg with
exercise. Comparison was made with a group of 50
patients in sinus rhythm, with normal LV size and
function, normal LA size, and normal mitral valves
with less than mild MR. There was institutional
approval for the study.
Image acquisition. Studies were performed using
an S5-1 transducer and an iE33 imaging platform
(Philips, Andover, Massachusetts) and were
analyzed ofﬂine using Xcelera (Philips). The LV
and LA dimensions were determined from the
parasternal long-axis window, and MR severity was
deﬁned using a multiparametric approach, including
an assessment of the effective regurgitant oriﬁce area
(EROA), the regurgitant volume, and the presence
of pulmonary venous ﬂow reversal (14). The PA
pressure was estimated through assessment of the
tricuspid regurgitant jet and right atrial pressure.
Diastolic function was described with the E/E0 ra-
tio, where E was measured using pulsed Doppler of
mitral inﬂow from the 4-chamber view, and E0 as
the average of the septal and lateral mitral annular
Figure 2. Atrial Strain Analysis From the Apical 4-Chamber View
Typical image depicting the analysis of atrial strain using speckle tracking
imaging. The region of interest is manually identiﬁed and optimized before the
software produces a time-deformation graph for 6 segments (solid traces)
with an average (dotted white trace). The 3 phases of atrial strain are
reservoir, conduit, and contractile (annotated). HR ¼ heart rate.
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227diastolic velocities using tissue Doppler imaging.
The LV volumes and EF were calculated using
Simpson’s biplane method; similarly, maximal left
atrial volume (LAVmax) (deﬁned as volume imme-
diately prior to mitral valve opening) and minimal
left atrial volume (LAVmin) (deﬁned as volume
immediately after mitral closure) were determined,
from which the total left atrial emptying fraction
(TLAEF) was derived (15): (LAVmax – LAVmin)/
LAVmax  100%.
The LA strain was obtained from apical 4- and
2-chamber views using semiautomated software
(Cardiac Motion Quantiﬁcation, Qlab version 9.0,
Philips). Sector width, depth, and gain settings were
optimized. After manually deﬁning the basal septal,
lateral, and apex of the LA, the software produces a
region of interest, which is adjusted to optimize in-
clusion of the LA walls and enable the time-
deformation graph. Similar to a previous deﬁnition
(16), 3 aspects of atrial strain were recorded: con-
tractile, describing deformation after the p-wave;
conduit, describing passive atrial ﬁlling; and reser-
voir, representing the sum of these elements (Fig. 2).
The process was repeated from the 2-chamber view,
and the values for all segments were averaged.
Analysis of atrial functional indexes was performed
retrospectively by subjects blinded to the clinical
categorization of the patients.
Statistical analysis. Statistical analysis was per-
formed with SPSS version 19.0 (SPSS Inc., Chi-
cago, Illinois). Continuous parameters are expressed
as mean  SD or median (interquartile range).
Comparisons of continuous parameters are made
using analysis of variance with post-test Bonferroni
correction or the Kruskal-Wallis test with post-test
Dunn correction where appropriate. Categorical
parameters are compared using the chi-square test.
Associations of atrial functional indexes were
determined with linear regression analysis. Clinical
and echocardiographic characteristics signiﬁcant or
borderline (p # 0.20) on univariate analysis were
entered into separate multivariate models with the
atrial parameter in question as the dependent vari-
able. Independent associations are expressed as the
B co-efﬁcient and 95% conﬁdence intervals, with
the model r2 for the explained variance.
To determine whether atrial function could
predict severe MR requiring surgery, multivariate
logistic regression analysis was employed. To avoid
colinearity, separate models were constructed for
each atrial parameter, to which we added age,
LAVmax, EROA, NYHA functional class, LVIDs,
EF, and PA pressure. Receiver-operating character-
istic (ROC) curves were generated for independentindexes to obtain optimal cut-offs, as deﬁned by the
Youden index. Measurement reproducibility was
determined by selecting 10 patients at random, and
the measurements were repeated by the original and
a second operator while blinded to the original re-
sults. The within-subject coefﬁcient of variation
and 95% limits of agreement were calculated using
the Bland-Altman method. A p value <0.05 was
considered statistically signiﬁcant.
RESULTS
Data was acquired for 192 consecutive patients,
classiﬁed into 3 groups: moderate or less MR
(MOD group, n ¼ 54); severe MR without surgical
indication (SEV group, n ¼ 52), and severe MR
with $1 surgical indication (SURG group, n ¼ 86).
Indications for surgery were: isolated cardiovascular
symptoms (n ¼ 28); elevated PA pressures with or
without symptoms (n ¼ 34); and LV dilation or
dysfunction (n ¼ 24). Baseline characteristics are
presented in Table 1. The SURG patients were
older than the remaining cohorts, with advanced
cardiovascular symptoms (median NYHA func-
tional class 2.0 [interquartile range: 2.0 to 3.0]; p <
0.001 vs. other groups). As expected by design,
LVIDs was increased in SURG patients, whereas
the remaining groups did not differ in this regard.
Table 1. Baseline Characteristics
Control
Group
(n [ 50)
MOD
Group
(n [ 54)
SEV
Group
(n [ 52)
SURG
Group
(n [ 86)
Clinical
Male/female 28/22 30/24 40/12 60/26
Age, yrs 51 (43–57)* 58 (44–73) 61 (49–71) 67 (58–75)*
BSA, m2 1.92 (1.78–2.09) 1.90 (1.70–2.08) 1.90 (1.73–2.06) 1.90 (1.71–2.05)
NYHA functional
class
1.0 (1.0–1.0) 1.0 (1.0–1.0) 1.0 (1.0–1.0) 2.0 (2.0–3.0)y
Echocardiographic
LVIDd, mm 48  5 51  6 54  6z 57  7y
LVIDs, mm 30 (28–33) 32 (28–35) 31 (26–35) 36 (31–40)y
LVEDV, ml 83 (71–108) 109 (83–119) 137 (100–160)z 130 (102–155)z
LVESV, ml 33 (27–43) 36 (27–45) 44 (32–56)x 44 (35–57)z
Indexed, ml/m2 18 (14–22) 18 (13–25) 21 (17–26) 23 (19–32)z
EF, % 62 (60–64) 65 (61–68) 67 (63–73)* 63 (60–68)
E/E0 6.6 (5.6–8.1) 8.5 (7.0–10.2) 12.5 (9.3–16.2)z 13.2 (9.9–17.8)z
LAVmax, ml 53 (43–58)y 70 (53–100)y 105 (76–122) 121 (95–160)
Indexed, ml/m2 26 (21–29)y 38 (28–50)y 53 (40–65) 67 (51–82)
PAP, mm Hg 15 (15–22) 20 (15–26) 28 (20–35)z 40 (30–50)y
EROA, cm2 – 0.10 (0.08–0.16)* 0.47 (0.40–0.73) 0.47 (0.35–0.70)
Regurgitant volume – 18 (0–30)* 80 (60–107) 83 (64–119)
Atrial functional
indexes, %
TLAEF 61  5 57  8 55  6x 40  7y
Reservoir strain 41 (35–50) 37 (30–45) 35 (28–41)x 21 (17–25)y
Contractile strain 20 (16–23) 15 (12–18)x 14 (10–18)x 8 (5–11)y
Conduit strain 20 (17–27) 20 (16–30) 21 (15–24) 13 (9–17)y
Values are n, median (interquartile range), or mean  SD. *p < 0.05 versus other groups. yp < 0.005 versus
other groups. zp < 0.05 versus MOD and control groups. xp < 0.05 versus control group.
BSA ¼ body surface area; EF ¼ ejection fraction; EROA ¼ effective regurgitant oriﬁce area; LAVmax ¼
maximal left atrial volume; LVEDV ¼ left ventricular end-diastolic volume; LVESV ¼ left ventricular end-
systolic volume; LVIDd ¼ left ventricular internal diameter in diastole; LVIDs ¼ left ventricular internal
diameter in systole; MOD ¼ moderate or less mitral regurgitation; NYHA ¼ New York Heart Association;
PAP ¼ pulmonary artery pressure; SEV ¼ severe mitral regurgitation without surgical indication; SURG ¼
severe mitral regurgitation with $1 surgical indication; TLAEF ¼ total left atrial emptying fraction.
Figure 3. TLAEF According to MR Severity and
Surgical Indication
Box and whisper plot of total left atrial emptying fraction (TLAEF)
for the 4 cohorts: control group, moderate or less mitral regurgi-
tation (MR) (MOD group), severe MR without surgical indication
(SEV group), and severe MR with $1 surgical indication (SURG
group). Boxes represent interquartile range, horizontal lines the
median, and vertical bars the 10th to 90th centile of values. Note
the progressive reduction of TLAEF values as MR severity worsens
and with the presence of 1 or more indications for surgical
intervention.
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228Atrial size and function. LAVmax increased pro-
gressively from control patients to the MOD and
SEV groups (Table 1). Despite increased LAVmax
in SEV patients, TLAEF was only slightly reduced
compared with control patients and did not differ
from the MOD patients (SEV 55  6% vs. MOD
57  8%; p ¼ 0.549; control patients 61  5%;
p < 0.001 vs. SEV). In the SURG group, LAVmax
was similar to the SEV group, but TLAEF was
markedly reduced (40  7%; p < 0.001 vs. other
groups) (Fig. 3).
Reservoir strain exhibited a similar pattern to that
shown by TLAEF (Table 2, Fig. 4). Contractile
strain was similarly reduced in the MOD and SEV
groups compared with control patients (MOD 15%
[12% to 18%] vs. SEV 14% [10% to 18%]; p ¼ NS;both p < 0.05 vs. control patients 20% [16% to
23%]), and was further reduced in the SURG group
(8% [5% to 11%]; p < 0.001 vs. other groups).
Conduit strain was similar for the control, MOD,
and SEV groups, but was reduced in SURG patients.
Linear regression results are presented in Table 2.
For TLAEF (model r2 ¼ 0.636), the strongest in-
dependent association was NYHA functional class
(B ¼ 6.01; p < 0.001), followed by age and PA
pressure. Similarly, symptomatic status was the
strongest association with reservoir (model r2 ¼
0.533; NYHA functional class B ¼ 4.95; p <
0.001) and contractile strain (model r2 ¼ 0.426;
NYHA functional class B ¼ 2.73; p < 0.001).
Only conduit strain (model r2 ¼ 0.379) was asso-
ciated with EROA (B ¼ 3.12; p ¼ 0.030), although
again NYHA functional class was an important
association. LAVmax was an independent associa-
tion with all functional indexes.
To determine whether atrial function could pre-
dict the need for surgical intervention in MVP,
logistic regression was employed. All atrial func-
tional indexes were signiﬁcant cofactors in univari-
ate analysis and were therefore entered into separate
multivariate models (Table 3). After analysis,
TLAEF, reservoir, and contractile strain remained
independent predictors, but conduit strain did not.
ROC curves were constructed to deﬁne optimal cut-
offs in these indexes and for the indication for MV
surgery using the guideline criteria outlined above.
Table 2. Univariate and Multivariate Associations of Left Atrial Function
Univariate Multivariate
r p Value B (95% CI) p Value
TLAEF (r2 ¼ 0.636)
Age 0.430 <0.001 L0.12 (L0.19 to L0.06) <0.001
NYHA functional class 0.670 <0.001 L6.01 (L7.52 to L4.50) <0.001
LVEDV 0.297 <0.001 d 0.539
LVESV 0.291 <0.001 L0.07 (L0.13 to L0.02) 0.011
EF 0.064 0.163 d 0.939
LAVmax 0.638 <0.001 L0.07 (L0.10 to L0.05) <0.001
PAP 0.590 <0.001 L0.08 (L0.15 to L0.01) 0.047
EROA 0.413 <0.001 d 0.925
Reservoir (r2 ¼ 0.533)
Age 0.454 <0.001 L0.19 (L0.26 to L0.11) <0.001
NYHA functional class 0.561 <0.001 L4.95 (L6.66 to L3.24) <0.001
LVEDV 0.191 0.002 d 0.387
LVESV 0.218 <0.001 d 0.702
EF 0.111 0.045 0.21 (0.03 to 0.38) 0.020
LAVmax 0.605 <0.001 L0.11 (L0.13 to L0.08) <0.001
PAP 0.489 <0.001 d 0.745
EROA 0.363 <0.001 d 0.970
Contractile (r2 ¼ 0.426)
Age 0.235 <0.001 d 0.982
NYHA functional class 0.494 <0.001 L2.73 (L3.77 to L1.70) <0.001
LVEDV 0.250 <0.001 d 0.698
LVESV 0.211 0.001 d 0.862
EF 0.007 0.458 d d
LAVmax 0.599 <0.001 L0.07 (L0.09 to L0.05) <0.001
PAP 0.491 <0.001 d 0.083
EROA 0.401 <0.001 d 0.273
Conduit (r2 ¼ 0.379)
Age 0.465 <0.001 L0.18 (L0.24 to L0.13) <0.001
NYHA functional class 0.429 <0.001 L2.55 (L3.88 to L1.21) <0.001
LVEDV 0.090 0.086 d 0.918
LVESV 0.169 0.005 d 0.713
EF 0.198 0.001 0.23 (0.10 to 0.37) 0.001
LAVmax 0.388 <0.001 L0.05 (L0.07 to L0.02) <0.001
PAP 0.316 <0.001 d 0.469
EROA 0.138 0.017 3.12 (0.30 to 5.94) 0.030
Bold values indicate statistical signiﬁcance.
CI ¼ conﬁdence interval; other abbreviations as in Table 1.
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229All indexes performed well, with an area under the
curve of 0.96, 0.90, and 0.89 for TLAEF, reservoir
strain, and contractile strain, respectively. The
optimal cut-off value of TLAEF was <50%, which
offered 91% sensitivity and 92% speciﬁcity for pre-
dicting severe MR requiring surgery, suggesting that
assessment of this parameter may have clinical
utility. This index performed better than established
echocardiographic indexes used in MVP: ROC
analysis of EF, LVIDs, PA pressure, and LAVmax
produced an area under the curve of 0.54, 0.73,
0.84, and 0.85, respectively (Fig. 5).
Sequential multivariate models were used to
compare the predictive value of TLAEF with
established echocardiographic ﬁndings. A baseline
model including age and NYHA functional class
(chi-square: 188.5) was improved with the addition
of TLAEF (chi-square: 236.8; p < 0.001). The
model was not improved further with the addition of
LVIDs, EF, PA pressure, LAVmax, and EROA (chi-
square: 244.8; p ¼ 0.158) (Fig. 6), suggesting that
TLAEF provides equivalent predictive information
to these echocardiographic markers combined.
Measurement variability (95% limits of agree-
ment and coefﬁcient of variation) for intraobserver
differences were: LAVmax: 4.5  12 ml; TLAEF:
4.6  3.7%; reservoir: 4.9  2.2%; contractile: 5.7 
1.0%; and conduit: 8.5  2.3%. Interobserver dif-
ferences were: LAVmax: 6.3  17 ml; TLAEF: 7.8
 6.4%; reservoir: 7.7  3.3%; contractile: 8.0 
1.6%; conduit: 8.9  2.1%.
D I SCUSS ION
We report the changes in left atrial function in
humans with MVP and the relationship of LA
dysfunction to clinical indications for mitral valve
surgery. We propose that the ﬁndings support the
utility of quantitative assessment of atrial function
by echocardiography as an additional tool to guide
the optimum timing of surgery for MVP.
LA dilation in response to MR has been noted
for some time and is an important factor predicting
adverse outcomes in MVP (11). Assessment of atrial
function has received less attention. Using volu-
metric methods, atrial EF has been shown to be
relatively preserved in MR, although later reports
indicate that this marker is reduced after surgical
intervention, suggesting that pre-operative atrial
dysfunction is masked by the presence of a regur-
gitant load (10,17). Moustafa et al. (18) described
atrial function using volumetric data in 43 patients
with MVP. Atrial emptying was preserved in mild
MR, but was reduced in patients with severe MR.This group included symptomatic patients who,
therefore, had an indication for surgical interven-
tion; these results are consistent with our ﬁndings.
The advent of speckle tracking technology allows
the analysis of tissue deformation independent of
extraneous motion. Primarily, speckle tracking has
been used in the assessment of LV deformation, but
Table 3. Multivariate Logistic Regression Analysis for the
Prediction of Need for Cardiac Surgery
OR (95% CI) p Value
Model 1: TLAEF
Age 0.98 (0.93–1.03) 0.343
NYHA functional class 21.98 (4.93–98.07) <0.001
LVIDs 1.62 (0.58–4.54) 0.357
EF 1.00 (0.90–1.12) 0.958
LAVmax 1.00 (0.98–1.02) 0.748
PAP 1.05 (0.99–1.12) 0.115
EROA 3.41 (0.60–19.20) 0.165
TLAEF 0.78 (0.68–0.89) <0.001
Model 2: reservoir strain
Age 0.99 (0.95–1.04) 0.703
NYHA functional class 30.15 (6.89–132.05) <0.001
LVIDs 1.75 (0.65–4.69) 0.265
EF 0.97 (0.88–1.08) 0.586
LAVmax 1.01 (1.00–1.03) 0.149
PAP 1.05 (1.00–1.11) 0.076
EROA 2.47 (0.55–11.10) 0.237
Reservoir strain 0.91 (0.83–0.99) 0.028
Model 3: contractile strain
Age 1.01 (0.97–1.05) 0.622
NYHA functional class 39.56 (9.24–169.41) <0.001
LVIDs 1.76 (0.65–4.74) 0.265
EF 0.96 (0.87–1.06) 0.455
LAVmax 1.01 (1.00–1.03) 0.123
PAP 1.04 (0.99–1.11) 0.147
EROA 2.15 (0.48–9.70) 0.319
Contractile strain 0.86 (0.75–0.98) 0.021
Model 4: conduit strain
Age 0.99 (0.95–1.04) 0.714
NYHA functional class 43.49 (10.26–184.32) <0.001
LVIDs 1.72 (0.66–4.45) 0.267
EF 0.97 (0.88–1.07) 0.559
LAVmax 1.02 (1.00–1.04) 0.031
PAP 1.06 (1.00–1.12) 0.046
EROA 2.71 (0.63–11.72) 0.181
Conduit strain 0.92 (0.82–1.03) 0.128
Bold values indicate statistical signiﬁcance.
OR ¼ odds ratio; other abbreviations as in Tables 1 and 2.
Figure 4. Atrial Strain According to MR Severity and
Surgical Indication
Graph depicting the 3 aspects of atrial strain for the study cohorts.
Boxes represent median values and vertical error bars represent
the interquartile range. The presence of indications for surgical
intervention is associated with reduced strain indexes. *p < 0.01
versus other groups; yp < 0.05 versus control group. Abbreviations
as in Figure 3.
Ring et al. J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 7 , N O . 3 , 2 0 1 4
Left Atrium in Mitral Valve Prolapse M A R C H 2 0 1 4 : 2 2 5 – 3 2
230there have been increasing reports of its use to assess
atrial function (12,16,19). Saraiva et al. (16) exam-
ined the use of atrial speckle tracking in a cohort of
normal subjects; they concluded that speckle
tracking is feasible in the thin-walled atrium and
that it provides valuable insights into atrial function.
Atrial speckle imaging has been used in mitral
valve disease. Cameli et al. (12) used this tool in a
heterogeneous group of patients with asymptomatic
MVP. In mild MR, strain was increased, whereas
patients with severe MR had reduced indexes. Of
note, the patients with severe MR had a mean EF of
57%, suggesting that a signiﬁcant proportion of the
subjects included had latent LV dysfunction.
Moreover, values for PA pressure were not pre-
sented. In the current study, patients were classiﬁed
according to MR severity and the presence of an
indication for surgical intervention. We demon-
strated a reduction in contractile strain in mild to
moderate MR, suggesting that the active element of
atrial function is impaired early in the disease pro-
cess. Conversely, conduit strain, which is inﬂuenced
by the regurgitant volume, is maintained (Table 2,
Fig. 3). Overall, atrial strain is therefore relatively
preserved in moderate to severe MR. The presence
of an accepted surgical indication is associated with
a profound reduction in all phases of atrial strain,
suggesting that the LA myocardium has exceeded
its tolerance.
Observed reductions in atrial strain may relate to
the presence of atrial ﬁbrosis. Experimental and
observational studies have shown that atrial ﬁbrosis
develops in humans and animals with MR (20).More recently, atrial strain derived using speckle
tracking imaging has been shown to correlate with
atrial ﬁbrosis found at the time of surgery for MVP
(13). This is consistent with echocardiographic work
demonstrating an inverse relationship between atrial
strain and burden of atrial ﬁbrosis deﬁned using
Figure 5. Receiver-Operating Characteristic Curve for
Prediction of MR With a Surgical Indication
A TLAEF <50% (pink dot) is 91% sensitive and 92% speciﬁc for the
prediction of severe MR with a surgical indication. Area under the
curve (AUC) for TLAEF: 0.96 (p < 0.001). For comparison, a pul-
monary artery (PA) pressure of $50 mm Hg (yellow dot) offers
33% sensitivity and 99% speciﬁcity (AUC: 0.84); ejection fraction
(EF) of #60% (green dot) demonstrates 28% sensitivity and 79%
speciﬁcity (AUC: 0.54). Abbreviations as in Figure 3.
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231delayed-enhancement cardiac magnetic resonance
imaging in patients with AF (21). The assessment of
LA function provides an insight into histopatho-
logical changes occurring within the atrium.
The LV adapts to chronic MR through the
development of eccentric hypertrophy, maintaining
normal systolic wall stress (22). The transitionFigure 6. Predictive Value of TLAEF for Severe MR With a
Surgical Indication
This ﬁgure represents the incremental global chi-square of
sequential multivariate models incorporating clinical data (age and
New York Heart Association [NYHA] functional class), TLAEF, and
established echocardiographic ﬁndings (effective regurgitant
oriﬁce area [EROA], EF, left ventricular internal diameter in systole
[LVIDs], maximal left atrial volume [LAVmax], and PA pressure) in
predicting surgical need. Note that the predictive value of clinical
ﬁndings and TLAEF is not further improved with any additional
echocardiographic data. Abbreviations as in Figures 3 and 5.phase, during which LV dysfunction develops, is
characterized by increasing wall stress and LV end-
diastolic pressure (23): in diastolic heart failure,
increased LV end-diastolic pressure is associated
with reduced LA functional indexes (19). Atrial
strain is additionally linked to pulmonary pressures
(19). The present study afﬁrms the intimate rela-
tionship between LA function and the accepted
markers of an adverse prognosis in MVP. We
demonstrated that TLAEF is independently asso-
ciated with PA pressure and LV systolic volumes.
Moreover, NYHA functional class had a strong
independent association with all atrial indexes.
These observations suggest that the atrium may
play a key role in protecting the pulmonary vas-
culature in mitral valve disease: as the atrium be-
comes dysfunctional, it is no longer able to buffer
the regurgitant jet. Symptoms and, eventually, PA
hypertension will therefore ensue. Previous work
has drawn similar conclusions regarding the im-
portant association between atrial strain and car-
diovascular capacity in patients with normal LV
function (24).
Reduced atrial function therefore corresponds to
adverse pathophysiological adaptations to MR, and,
accordingly, the presence of impaired atrial function
is highly predictive of the need for surgery in MVP.
The assessment of TLAEF provides predictive in-
formation equivalent to established echocardio-
graphic ﬁndings, including LV dimensions, EF, PA
pressure, LAVmax, and EROA combined (Fig. 6).
At times, the decision to undertake surgery for
MVP is challenging, and atrial indexes may provide
clinical utility in these situations. In less active
subjects, or patients with comorbidities, assessment
of cardiovascular symptoms may be problematic.
Both American and European guidelines focus on
the prevention of latent LV dysfunction, but they
differ as to the value of systolic dimension that
should trigger surgery; moreover, there is no
accepted indexed value, making interpretation
difﬁcult at the extremes of patient size (6,25).
Study limitations. This work represents a single-
center experience. A prospective validation of atrial
functional indexes is required to conﬁrm the use-
fulness in prediction of need for cardiac surgery and
whether atrial function inﬂuences clinical outcomes.
Patients are referred to our service for consideration
of mitral surgery, and, as such, a disproportionate
number of subjects had severe MR, although we feel
this is unlikely to have affected the results of the
analysis. Strain values may vary according to imag-
ing platform, and therefore, these results may not be
applicable to all software systems.
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232CONCLUS IONS
The LA performs a key role in chronic MR. Atrial
adaptation is characterized by increasing LA vol-
ume, but with preserved total LA emptying frac-
tion and reservoir function. These parameters
are relatively maintained even in severe MR. The
loss of normal atrial function corresponds to the
development of an indication for surgicalintervention. The quantitative assessment of LA
function may be a useful additional tool in guiding
clinicians in the optimal timing of surgery for
MVP.
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